Scholars' Mine
Masters Theses

Student Theses and Dissertations

Fall 1989

A pulsed field-gradient system for nuclear magnetic resonance
diffusion experiments
Saumil Shirish Mehta

Follow this and additional works at: https://scholarsmine.mst.edu/masters_theses
Part of the Electrical and Computer Engineering Commons

Department:
Recommended Citation
Mehta, Saumil Shirish, "A pulsed field-gradient system for nuclear magnetic resonance diffusion
experiments" (1989). Masters Theses. 840.
https://scholarsmine.mst.edu/masters_theses/840

This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu.

A P U L S E D F IE L D -G R A D IE N T S Y S T E M

FOR NUCLEAR MAGNETIC RESONANCE
DIFFUSION EXPERIMENTS

BY

SAUMIL SHIRISH MEHTA, 1962 -

A THESIS

Presented to the Faculty of the Graduate School of the
UNIVERSITY OF MISSOURI - ROLLA
In Partial Fulfillment of the Requirements for the Degree

MASTER OF SCIENCE IN ELECTRICAL ENGINEERING

1989
T5978
Copy 1
69 pages

11

ABSTRACT

The construction and performance of a system to generate pulsed
magnetic field gradients for use with a commercial superconducting NMR
spectrometer for the purpose of molecular self-diffusion measurements is
described. Types of coils that provide linear field gradients are discussed.
The design and construction of a conventional Helmholtz pair is outlined. A
procedure to estimate the magnitude of the field gradients generated by the
Helmholtz coils is explained. The design of a circuit to generate fast current
pulses using a power MOSFET has been detailed and compared with a
functionally similar circuit using bipolar power transistors. The performance
of the design has been evaluated and discussed.

A

15-turn

Helmholtz

pair with a

separation distance of 16 mm

constructed on a 12 mm glass form was used for the self-diffusion
experiments. 28 gauge enamled copper wire (diameter = 0.3211 mm) was
used for the coils. Magnetic field-gradients of the order of 8 G/cm/A were
experimentally determined. The current pulse generator produced current
pulses up to a maximum amplitude of 17.5 A with the worst case rise and fall
times of 40 μ s and 24 μ s respectively.
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I. INTRODUCTION
Diffusion is the result of random molecular motions (taking place over
molecular distances) that leads to the transport of matter from one part of a
system to another. It can be a slow process or a relatively fast process
depending on the nature of the system. In liquids its rate is of the order of
0.05 cm/min while in solids its rate may be only about 0.001 cm/min or
slower.
The rate at which a diffusion process occurs is universally expressed in
terms of a diffusion coefficient. The diffusion coefficient is a proportionality
constant, appearing in Fick's law of diffusion. Its value is a function of the
system under study. Fick's law of diffusion can mathematically be stated as:1

• /--£ > < -£ • >

0)

where J (molecules/cm 2 s) is the molecular flux per unit cross sectional area
per unit time, dc/dx (molecules/cm4) represents the concentration gradient
of the molecules along the x axis and D (cm2/s) is the diffusion coefficient.
The flux is the net flow of molecules crossing an imaginary plane surface
perpendicular to the x axis per unit time.
In a two-component heterogenious system, diffusion may occur as a
consequence of the different concentrations of the two components in
different locations. The diffusion coefficient characterizing the inter-diffusion
of

the

two

species

single-component

is

called

systems or

the

systems

mutual

diffusion

with

no thermal

coefficient.

In

or chemical

2

concentration gradients, a flow of molecules still results due to a random
motion of the particles or components of the system.

Such a system is

characterized by the so called self-diffusion coefficient. An expression that
relates the self-diffusion coefficient to the average particle displacement in a
homogeneous system, is given by the relation in one direction:2

D=

< x >
21

(2)

where < x2 > represents the mean-square distance traveled along the x axis
in time t and D is the self-diffusion coefficient (cm2/sec). Typical values of D
in small molecule liquid systems range from 10 5 cm2/sec to 10 8cm2/sec.3
This corresponds to a mean-square displacement of about 0.014 cm to 0.005
mm in one second.
An interest in the studies of diffusion processes has grown rapidly due
to the realization that data on diffusion coefficients can provide information
that have diverse applications. For example, it would be important to know
the mutual diffusion coefficients of the compounds that go into the
manufacture of adhesives in order to optimize their property of bonding.
Another possible application would be in the absorption process of glucose
in the red blood cells. The reader may refer to the article by Blum4 for a
discussion of some chemical applications.

Knowledge of self-diffusion coefficients is largely based on experimental
measurements of the coefficient as there is no universal theory that permits
their accurate a priori calculation. The traditional experimental technique to

3

determine the self-diffusion coefficients involves the labeling of molecules by
using radioactive tracers.1 The use of this technique has been restricted for
a number of reasons. The most prominent ones being the difficulty
experienced in labelling the molecules and handling the radioactive samples.
An

alternative

method

has

come

into

prominence

since

the

demonstration of the nuclear magnetic resonance (NMR) phenomenon by
Purcell5 and Bloch6 in 1946. Their efforts resulted in a Nobel prize in 1952.
The NMR diffusion method involves the labelling molecular motions by
nuclear spins and is a better tool for self-diffusion coefficient measurements
because of some inherent advantages. The technique is a non-destructive
method of measurement as it does not significantly perturb the system under
observation. Also, the sample does not require special preparation as is the
case in the method involving radioactive tracers.4
The use of pulsed NMR techniques to measure self-diffusion coefficients
have been popularized since the introduction of the so-called spin-echo (SE)
technique.7 A modified version of this technique, called the pulsed-field
gradient spin-echo (PFG-SE) technique8 is the method of choice for the
diffusion experiments.

A. NMR- BASIC CONCEPTS
The nuclear magnetic resonance (NMR) phenomenon is a result of the
magnetic moments of nuclei interacting with external magnetic fields.
Examples of some nuclei that possess magnetic moment (i.e. are NMR active)

4

are 1H , 2H, 3H, 13C, 19F , and 31P . Examples of nuclei that are not NMR active
are ,2C or 160 . (The number that appears as a prefix to the nuclear symbol
represents the mass number of the nucleus.)

Any object that possess charge and velocity will create a magnetic field.
Elementary particles intrinsically exhibit properties which include those of
spin angular momentum. Though quantum mechanical in nature, the classical
analogy is that of a spinning charge and consequently a magnetic moment.
Since the nuclei of atoms are made of elementary particles, they also exhibit
the properties of spin angular momentum (p) and nuclear magnetic moment
(£).
From elementary NMR theory, the relation between p and fj. is defined
by the expression:9

a

= yp

(3)

where y is the gyromagnetic ratio and is the proportionality constant between
the spin angular momentum and the magnetic moment.

It is different for

different nuclei and must be determined experimentally for each nucleus.

From quantum mechanics we know that the length of the magnetic
moment vector is fixed with a magnitude of fj. = hJl(l -F 1) where I is called
the spin quantum number of the nucleus and h is the Planck's constant (see
Figure 1). A nucleus possessing a non-zero I has (21 + 1) equally spaced
energy states.

5

Ho(z)

Figure 1.

The magnetic moment of a nucleus n , showing its length oriented
relative to the magnetic field axis (z), projection along z, and precession
about z.
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At equilibrium, in absence of any external magnetic influence, the
individual magnetic moments are randomly aligned. In presence of a static
external magnetic field, H0, individual magnetic moments align themselves
relative to the direction of H0 . Nuclei at equilibrium orient themselves so that
their projection onto the z (magnetic field) axis is myh, where m is a quantum
number.5 Different values of m are associated with different energies. Excess
nuclei in one of the m states results in the magnetic polarization of the
sample. To illustrate this with an example, consider a nucleus with I = 1/2.
There are just two possible energy states as values of m are between + l and
-I in integer units. So, values of m = 1/2 and m = —1/2 are the only allowable
states in the magnetic field at equilibrium. The energy difference, A£ between
the two states is given by the relation:5

AE = 2/iH0
(4)
= yhHa

The occupancy of the two states is not even. It is found that the lower energy
state is slightly more populated than the higher energy state. The magnitude
of this population difference is small but significant enough to account for a
net macroscopic magnetization M directed parallel to the external magnetic
field axis (see Figure 2). The net magnetization, is a vector sum of the
individual magnetizations. For our purposes it is usually satisfactory to
concern ourselves only with the net magnetization.

7

Figure 2.

The net magnetization M shown as a vector sum of the individual
magnetizations.
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The external magnetic field exerts a force or torque on the magnetic
moments, causing them to precess about the direction of the field with a
frequency co given by the well-known Larmor relation:

&> = - yH0

(5)

where co is the precessional frequency (rad/sec), called the Larmor frequency
and y is the gyromagnetic ratio in radians/Tesla. The precession is analogous
to a spinning top wobbling about its axis of rotation due to the Earth's
gravitational field. The negative sign in the expression implies that the motion
is in the direction indicated in Figure 2. Typical values of H0 are 1 to 10 Tesla.
This corresponds to values of the Larmor frequency in the megahertz (MHz)
or radio-frequency (rf) range of the electromagnetic spectrum. For example,
in case of 1H (the hydrogen nucleus) in a magnetic field of 1 Tesla will have
a precession frequency of 42.58 MHz.5 We note that the use of Planck's
equation:

AE = hv = hco

(6)

with Equation (5) and (6) shows that the Larmor frequency is also the
resonance frequency associated with the difference in energy levels.
If electromagnetic radiation of the right energy, given by Equation (4), is
provided, the nuclei in the lower energy state can absorb this energy and be
excited to the higher state. In order to excite this transition a second
magnetic field, Hu oscillating at the Larmor frequency (i.e. satisfying the
resonance condition) will impart energy to the nuclei via its magnetic

9

component. The torque exerted by H, on M will deflect the net magnetization
vector away from its equilibrium state. The angle of deflection (0) is
dependent on the amplitude and duration of H, and can be determined from
the following expression:10

0 = yHytp

(7)

where tp is the duration of the applied radio-frequency field. The angle can
assume any value. The applied rf magnetic field is usually relatively short,
and is referred to as a rf pulse. Most NMR experiments make use of rf pulses
that result in M being deflected through the angles of 90° or 180° . Such
pulses are termed as 90° and

180° pulses,

respectively.

Figure 3

schematically shows the effect of the 90° and 180° rf pulses on M in the
rotating frame of reference. In a frame rotating at co = — yHQ, the Larmor
precession is stationary and the picture is simplified.

The magnetization vector has excess energy as a result of the influence
of H, on it. When H, is removed, the magnetization vector reverts back to its
initial state by releasing energy. The process of M reverting back to
equilibrium is called relaxation, and the times describing this process are
called

the

relaxation

times.

Equilibrium

magnetization

implies a

net

magnetization along the z-axis and no net magnetization in the x-y plane. The
time constant T} describes the buildup of magnetization along the z-axis,
while time constant T2 describes the decay of magnetization in the x-y plane.

10

z

z

Figure 3.

Typical RF pulses: (a) 90 pulse, (b) 180 pulse.
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The energy emitted by the nuclei is in the form of weak rf signals which
are picked up by a receiver coil. The intensity of the signals (i.e. the
magnitude of the current in the receiver coil) is a function of the number of
nuclei in the examined sample volume contributing to the signals and the coil
itself. The induced signal in the coil, basically an algebraic summation of
these rf signals plus audio modulation which shows a complex beating
pattern. The signal is called a free induction decay (FID). The output of the
receiver coil is amplified, the rf component subtracted, and Fourier
transformed to obtain the NMR spectrum of the sample. The nature of the
signals decaying with time is normally exponential in liquids and is shown in
Figure 4.

B. PFG-SE

In conventional NMR experiments the magnetic field is homogeneous
over the active sample volume so that all magnetically equivalent nuclei
precess at the same frequency. However, if the field is linearly varied over
the sample volume, the precessional frequency of the nuclei will also vary
and will be related to their location relative to the field. This can be seen from
Equation (5) where co = — yH . If H varies linearly with position, x, then the
resonance frequency, co also varies.

This situation is highlighted in Figure

5. The magnetic field in Figure 5 shows a linear gradient with respect to
distance x. Nuclei in the sample at position A will have a higher frequency
than at position B. This frequency-to-position correlation as a result of the

SIGNAL AMPLITUDE

12

TI ME (msec)

Figure 4.

Free induction Decay (FID) for a single resonance with an offset
frequency and exponential decay.
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presence of a field gradient is the basis of the PFG-SE technique to determine
diffusion coefficients.

The experimental procedure using this technique may be outlined as
follows:
(1) a 90° pulse initiates the measurement. This causes the net magnetization
vector to tip through 90° in the x-y plane. At this time all the nuclear spins
are constant or in phase or stationary as seen from a frame of reference
rotating with the Larmor frequency (i.e. all spins are bundled together).
(2) a magnetic field gradient pulse of known magnitude and duration <5 is
applied

after a small

delay. Since the magnetic field is no longer

homogeneous but varies linearly across the cylindrical sample tube, the
nuclear spins are forced to dephase resulting in a phase-spread.
(3) At time A after the 90° pulse, the 180° pulse is applied. This reverts the
direction of the nuclei spins.
(4) A second gradient pulse, identical to the first and at time A from it, is
repeated. Due to a reversal of direction of the spins, this pulse has the effect
of a negative gradient pulse which has reverse effect on the nuclei spins.
Thus at time 2A, the spins are back in phase. Assuming that no translational
diffusion or relaxation occurs, complete rephasing is found.
of pulses is illustrated in Figure 6.

The sequence

14

H (Field strength)

(Frequency)
(Distance)

Figure 5.

Basic principle of labelling the position of (a group of nuclei) with
respect to their precession frequency.

15

Figure 6. Pulsed field-gradient sequence for diffusion coefficient measurement.
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The situation in the second half of the pulse sequence (following the
180° ) is just the reverse of the first half except for the fact that diffusion has
occurred during the sequence. This results in the incomplete rephasing of the
magnetic moments. In the simplest terms, the pulsed field gradients allow us
to record the positions of the nuclei with the first gradient pulse, and monitor
to what extent they have moved in the time interval A between the two pulses.
This assumes that the applied field gradient is much larger than any residual
gradients present.
In absence of diffusion, the signal occurring at 2A (called the spin echo)
would have maximum amplitude. However, the motion of the nuclei through
the inhomogeneous field will attenuate the echo amplitude. The factor by
which the echo amplitude is attenuated by diffusion, is given by:8

A = A. exp[( -2 A /7 2) - y2<52(A - <5/3)G2d ]

(8)

where the A's are the signal intensities, the first term in the exponent refers
to the attenuation of the echo due to the relaxation effect and the second term
to diffusion. The variables A and <5 are the pulse spacings defined in Figure
6, T2 is the transverse relaxation time, D is the self-diffusion coefficient
(cm2/sec) and G is the magnetic field-gradient strength (G/cm).

In order to probe the effect of the diffusion seperately from the
relaxation, a series of spectra are collected with fixed A and a variable (5 .
This has the effect of keeping the first term of Equation (8) contant. Defining

17

A0' as A0 exp( —2A/T2) , the attenuation of the echo due to diffusion alone is
given by:

0)

D can be determined from Equation (9) by measuring the echo-attenuation
as a function of S for fixed time A . A semi-log plot of A versus <52[A — (<5/3)]
gives a slope from which D is determined. Alternatively, A may be plotted as
a function of G for known values of <5 and A .11 Selection of A is dependent
on the value of T2 for the sample under study. Note that if A is large in
comparison to T2 , the effect of relaxation can be assumed to be negligible
on the signal attenuation. On the other hand, A must be on the order of T2 or
smaller or significant attenuation of A would occur because of relaxation time

(r2), effects. Thus selection of the upper limit of A is dictated by the relaxation
time of the sample. It is noted that T2 values are usually experimentally
determined by repeating the pulse shown in Figure 6 without any gradient
pulses for different A values. The resulting echoes would then be attenuated
entirely by relaxation effects. A semi-log plot of the echo attenuation versus
A will provide information on the relaxation time of the sample.
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II. INSTRUMENTATION
The

most critical

aspect of the experiment

is the

design

and

implementation of a gradient system that would generate the linear magnetic
field-gradients in the confinements of the sample volume. The design criteria
of the system was that it should
(1) generate variable (user-selectable) gradients up to 125 Gauss/cm within
a time frame of 500 /is to 100 ms;
(2) exhibit good field-gradient linearity within the active region of observation
(i.e. the sample volume);
(3) generate gradients with a fast turn-on/turnoff time periods (< 100 ns) so
that a well defined gradient exists;
(4) not affect the normal operation of the NMR spectrometer;
(5) be easy to operate;
(6) be inexpensive.

A. GRADIENT COILS
One of the principal components of the system is the coil that would
produce the gradient. Various coil winding schemes exist to generate axially
linear field gradients,12' 17 the most commonly used being the circular
Helmholtz coils and the quadrupole gradient coils. The geometrical shapes
of the two types of coils are shown in Figure 7.

An important difference

between the two types of coils is the direction of the magnetic field generated
as a result of current flowing through the turns.

19

(b)

Figure 7. Types of gradient coils: (a) Helmholtz pair, (b) Quadrupole coils.
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In Helmholtz coils, this direction is along the axis of the cylindrical form on
which the coils are wound while, in case of quadrupole gradient coils, it is
perpendicular to the axis of the cylindrical form.
The selection of the type of gradient coil suitable for construction is
governed by the type of magnets used to generate the static magnetic field
(H0) in the NMR spectrometer. The two kinds of magnets commonly used are
iron-core and

superconducting

magnets.

Figure 8 shows a typical

constructional setup of the probe that houses the rf coils and the sample in
an iron-core and superconducting magnet. The rf coils are mounted in such
a way that H, is perpendicular to H0 .
In case of the Varian NMR spectrometer to be used for the experiments,
the magnet is of the superconducting type. The direction of H0 is along the
axis of the sample tube. The Helmholtz coils are consequently the obvious
choice for the design.

1.

Helmholtz Coils.

Two coaxial, circular current loops connected

electrically in series, but with windings in the opposite sense with respect to
each other, produce a uniform linear magnetic field gradient along their
common axis. The magnitude and linearity

of the gradient will depend

primarily on the geometrical symmetry of the coils. An expression for the
gradient may be obtained as follows.

The field B (Tesla) produced at some point P along the axis of a solenoid
of length L and radius R (see Figure 9) can be expressed as 18

21

rf

(a)

H

Figure 8. RF coil geometries in NMR magnets: (a) iron-core magnet, (b)
superconducting magnet.
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( 10 )

8 = / V 57 -1 cos(0,) - cos(02)]

where, I (Amp) is the current flowing through the solenoid, N is the number
of turns in the solenoid, iiQis the magnetic susceptibility of free space (N/A2)
and 0, and d2 are as defined in Figure 9. All dimensions are in meters.

In case of Helmholtz coils, the field B1 at point P, (Figure 10) can be
expressed as:

Nl
— ^0 2 L

(L2 +

D

+
R 2) '12

(L + D)
(R2+ D 2) '12

( 11 )

(R2 + (L + D)2)1'2

Due to the symmetry of the coils, magnetic field at point P2 will be
B2= — (By) . Therefore, the gradient G (Tesla/m/amp), within the gap between
the two coils can be expressed as:

G = /i0

Nl
+
LD _ (L2 4- P 2)1/2

D

(L + D)

(R2 + D 2)1/2

(R2 + (L + D)2)1/2

( 12)

This expression is valid under the condition that coils are tightly wound, i.e.,
the length of each set of turns of the Helmholtz pair, L = Nd (d is the coil
diameter in meters). The amount of current flowing through the coils is
dependent on the net resistance (r) in its path which is in this case, the coil
resistance plus the source and cable/terminal resistance. Including these
variables in the expression, we get:

23

Figure 9. Magnetic field at point P along the axis of a solenoid of length L.
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(L + D)
(R

2

+

(13)

(L +

where Vs is the supply voltage. The coil resistance is dependent on the wire
gauge and material used to construct the coil. The net path resistance, r, was
determined to be 0.73 Cl . Units for G is Tesla/m/V.

2. Coil Construction. The variations of the gradient (G) with respect to
changes in the number of turns (N), seperation distance (D) between the two
windings of the Helmholtz pair, and the diameter (d) of the wire are shown in
a graphical form in Figures 11 and 12. Of interest are the broad peaks
obtained in the two graphs implying a most efficient design in terms of coil
wire diameter and the number of turns.

Since the results obtained were theoretical and based on a rather simple
model of the field gradient coils, it was necessary to experiment with coil
designs with varying parameters, viz. wire gauge, separation distance and
number of turns. Standard annealed copper wire was used to wind the coils.
The coils were wound on paper rolls of the right diameter with windows cut
out in the region between the coils. The magnitude of the field generated by
the coils were observed using a gauss meter and a Hall probe inserted in the
window. The setup was sturdy and extremely convenient.

25

Figure 10. Magnetic field along the axis of a Helmholtz pair.
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Figure 11. Variation of the field-gradient, G, with the number turns, N.
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It would seem obvious to construct coils with a minimum allowable
separation distance (13 mm in this case) and the right choice of wire gauge
and number of turns. However, one must bear in mind that although a
decrease

in

D gives

an

increase

in the field

gradient, there

is a

corresponding reduction in the linearity of the gradient over the sample
volume. In other words, increasing D improves linearity but reduces the field
strength. A compromise has to be reached.
To get around the problem, two gradient coils were constructed for the
experiments. One with 26 gauge copper wire (d = 0.4049 mm) with a coil gap
(D) of 28 mm, and the other with 28 gauge copper wire (d = 0.3211 mm) with
D = 16 mm. The coils were wound on a cylindrical glass form of 12mm outer
diameter and held firm with scotch tape. This was a temporary setup as the
tape would eventually be replaced by epoxy or teflon tape. The number of
coil windings (N) for both coils was 15. It is tempting to select this number to
be large in order to reduce the engineering demands on the power supply.
But as N increases, so does the inductance (since L is proportional to N2) and
resistance of the coil and if an experiment involving rapidly switched
gradients is performed, then large, potentially destructive transient voltages
may be generated. Also, the increased resistance begins to limit the current.
Figure 13 illustrates the construction and dimensions of the coil and its
mounting on the probe in relation to the rf coil. Selection of a 12 mm glass to
mount the gradient coil on was based on the space available in the probe
between the inner tube on which the rf coil as mounted and an outer glass
tube known as the dewar.
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------ ,------

28 mm Gap

Field Gradient (g/cm/volt)

------- a -------
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Figure 12. Variation of the field-gradient, G, with the wire diameter, d.
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volume

Helmholtz
coils
rf coils

Body of
probe

Figure 13. Helmholtz coils: construction and mounting
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B. COIL DRIVER

The pulsed field gradients are generated by pulsing currents of large
magnitudes (of the order of a few amps), through the Helmholtz coils. The
current pulses are provided by a coil driver circuit capable of generating
such current pulses with a fast rise and fall times (of the order of
micro-seconds.) The driver is controlled by trigger pulses generated by the
open-collector (VAR1) lines of the NMR spectrometer. Initial designs made
use of bipolar power transistors in a Darlington-pair configuration. In this
configuration, the two transistors have a common collector and, the emitter
of one is connected to the base of the other. The result behaves like a single
transistor with very high current gains. The two resistors (800£2 and 220 Q)
connected between the base and ground of the Darlington-pair transistors
provide a fast drainage path for leakage currents.

Although the designs could generate peak pulse amplitudes up to 30A,
they had a rise time of the order of 100 ^s. The fall time was even slower, of
the order of 150 /is, due to a relatively slow drainage of residual charge
present as a result of junction capacitances. The circuit is shown in Figure
14. Transistors Q3 and Q4 represent the Darlington-pair. Q1 functions as an
inverter, and Q2 supplies the necessary base current to the pair. The
magnitude of current flowing through the coils and hence the gradient is
regulated by means of a multi-pole switch that linearly varies the resistance
in the current path to provide the user with selectable gradient values.
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Figure 14. Coil driver design using bipolar transistors.
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Figure 15 shows the most recent design of the driver. The realization of
a relatively simple design has been possible because of the availability of
VMOS power field-effect transistors. These devices have input resistance that
is essentially infinite. This eliminates the need of a large drive current which
is an essential requirement when using bipolar power transistors. The device
used for the design is MTM55N10 (Motorola). Its specifications (and price) 19
were considered ideally suited for the design. A listing of the important
device specifications is given in Appendix A. The current flowing through the
gradient coils was controlled by varying the resistance connected between
the gate of the MOSFET and ground. A rotary switch with different resistor
values is used to obtain selectable gradient strengths varying from 1.5% to
100%. The current pulses generated by the two designs, as observed on an
oscilloscope, are shown in Figure 16.

It needs to be mentioned that the coil driver design went through a
number of revisions and modifications before the design was finalized in its
present form. A commercially available analog circuit simulation software
package called PSpice* (from MicroSim Corporation) was extensively used
to try out different designs and optimize the component values. A listing of a
sample circuit model file, of the present design, used for simulation on
PSpice is given in Appendix B. The corresponding simulated current pulse
profile generated by PSpice is shown in Figure 17.
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Figure 15. Coil driver design using a MOSFET.
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(a)

Figure 16. Observed current pulse shapes generated by coil drivers using:
bipolar transistors, (b) MOSFET device

(a)
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Date/Time run: 02/16/89 23:56:52

Time
Figure 17. Current pulse profile generated by PSpice.

Temperature: 27.0
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The testing environment for the circuit was made as close as possible to
the actual operating conditions. The load used was a Helmholtz-pair coil, of
the same type and dimensions as the original, wound on a glass tube. A 1
KHz square wave (from a function generator) represented the trigger pulses.
The current pulse was monitored on an oscilloscope across a nichrome wire
resistor connected in series with the coil. Under these conditions, the circuit
provided a maximum current of about 18 A. The worst-case rise and fall times
of the current pulse were determined to be of the order of AO/is and 24 /us
respectively. The corresponding values generated from the PSpice simulation
were 16.1 A for the pulse amplitude and a pulse rise and fall time of 59 and
35 /us respectively. The pulse shape and switching times were observed on
a 12 V lead-acid car battery served as an efficient and inexpensive
high-current source.
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III. ADDITIONAL HARDWARE

Apart from the main design (i.e. coils and coil driver), additional
electronics were incorporated. The major additions were a protection scheme
for the gradient coils, a charger for the lead-acid 12 V battery, and a pulse
indicator/continuity checker.

A. CIRCUIT PROTECTION

The gradient coils and the coil driver circuitry cannot withstand a full
amplitude pulse indefinitely. Prolonged application of a full amplitude pulse
would result in overheating and damage of the gradient coils , the coil driver
and possibly the probe. To protect these components from such situations, a
duty-cycle limiter circuit has been designed. The circuit is outlined in Figure
18.

The circuit is basically a 555 timer operating in the monostable
(one-shot) mode. A current pulse in excess of 500 ms duration would result
in the monostable triggering a relay that shuts down the coil driver by cutting
off the voltage source ( + 1 2 V) to the driver (MOSFET). The relay is connected
as a latch (see Figure 19) so that it does not revert back to its normal state
at the end of the gradient pulse. Only by manual intervention by the operator,
by means of a switch provided, will the relay unlatch and reset and reconnect
the supply line to the driver.

DRIVER
19 >

F R O M S O U R C E OF
MTM55N10
C F I G . 15 >

AL L R E S I S T A N C E IN O H M S

Figure 18. Protection scheme for the gradient coils.
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Figure 19. Relay driver and connections.
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B. BATTERY CHARGER

A +12 V lead-acid battery charger was considered essential after a
noticeable drop in the battery voltage was observed after a prolonged state
of idleness.

The circuit is shown in Figure 20. The charging current is

proportional to the drop across a light bulb of 6 Cl resistance. Since the
intensity of the bulb is proportional to the amount of current being supplied
to the battery, it gave the operator a visual indication of the status of the
battery.

C. PULSE DETECTOR
A one second timer was built with its trigger input connected to the
collector of the transistor 2N2222 (Q1 in Figure 18). Every time the coils were
pulsed, the output of the timer lit up an LED on the front panel for one
second. The purpose for this circuit was to give the operator a visual
indication of the current pulses being delivered to the gradient coils.

The

circuit diagram of the timer is shown in Figure 21. The duty-cycle limiter and
the one second timer were built using a single LM556 chip.
The entire circuitry, except for the MOSFET device, was wired on a
circuit board and mounted in a suitable box. The MOSFET device was
mounted on the back panel of the box, close to the coil terminals (leading to
the gradient coils in the probe). A rotary switch was mounted on the front
panel, with appropriate directions, giving the operator a choice of switchable
field-gradient settings.
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An additional setting was provided that would disable the current
delivery function of the instrument by grounding the gate of the MOSFET.
This setting is utilised when the instrument is used as a 12V lead-acid battrey
charger.
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Figure 20. Lead-acid (12 V) battery charger.
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Figure 21. Pulse Detector.
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IV. MEASUREMENTS

The experiments were carried out on a Varian 200 high-resolution NMR
spectrometer. A listing of the PFG-SE pulse sequence code2021 written for the
spectrometer is given in Appendix C. The sequence centers the first gradient
pulse between the 90° and the 180° pulses, and the second pulse between the
180° pulse and the echo.

A. GRADIENT VALUES

Two different methods were used to determine the gradient (G). The first
(analytical) method utilized the knowledge of the coil geometry and the
current flowing through the coil (Equation 12). The second (experimental)
method is based on the diffusion experiment. A sample of known D was used
to determine G. Figure 22 shows the observed spin echo attenuation versus
the field gradient pulse width 5 for a H20 - D20 (water) sample whose D =
2.029 x 10-5 cm2/sec @ 25°C.22 The corresponding semi-log plot of echo
attenuation versus the gradient pulse width is shown in Figure 23.

Figure 24 shows a plot of the gradient values G (Gauss/cm) obtained
from the spin-echo data and the theoretical model versus current I (amp)
flowing through the coils.
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Figure 23. Plot of echo attenuation versus

- (<5/3)]
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The disparity between the two sets of values may be attributed to the fact
that the value for fiQ in the expression for G (Equation 12) is for free space
(vaccum). In the experimental setup, due to the presence of glass, copper
(the rf coils), and water (in the sample), the actual value will be smaller
resulting in a lower value for the gradient.23 Also, the expression for G is
based on the assumption that the coils are tightly wound and there is no gap
between each turn. In practice, this is not possible when the coils are
hand-wound.

B. DISCUSSION
The dominant consideration in the design of the gradient coils and the
coil driver was availability of gradients in the range of 100 to 150 G/cm, and
the rectangular nature of the pulse waveshapes. One effect that was not
throughly investigated was the effect of a sudden temperature rise (i.e. a
temperature impulse) in the gradient coils due to a current pulse pair of
sufficiently large amplitude. Since the diffusion attenuation is sensitive to
temperature variations, such a situation would result in errors in the echo
amplitudes if this corresponds to a change in the sample temperature. Also,
the copper coil would experience an increase in electrical resistance.
Although the increase may be less than 1% /*C,22 it would nevertheless
contribute to the overall error. The corresponding increase in resistance of
the gradient coils used for the experiments was calculated to be of the order
of 0.32% I'C . This would result in a decrease in the magnitude of the
gradient by 0.072% / ’C
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Figure 24. Plot of theoretical and experimental field-gradient (G) values versus the
magnitude of current (I) flowing through the gradient coils.
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In the equipment used, the coils were maintained at a constant
temperature by a steady stream of air directed at their base. No temperature
changes were observed during the running of the experiments. However, if
the design is to be upgraded to generate even higher gradients, the
temperature impulse effect may turn out to be of prime concern. No absolute
gradient values can be defined as they would depend on how well the sample
is maintained at a constant temperature.
The present design is not necessarily an optimum one. An immediate
area of improvement would be a possible reduction in the rise and fall times
of the gradient pulses. Since the slew rate of the gradient pulse is partly
dependent on the slew rate of the trigger pulse arriving at the gate of the
MOSFET, the trigger pulse shape at the gate needs to be further 'squared'
up. This may be possible by replacing the switching transistor, 2N2222, (see
Figure 15) by an operational amplifier (Op-amp) functioning as an inverting
amplifier with hysteresis (i.e. functioning as a Schmitt trigger).22 Apart from a
possible improvement in the trigger rise and fall times, the hysteresis would
further reduce, if not totally eliminate, a false triggering of the MOSFET due
to a noisy signal (VAR1) line. The effects of adding a second + 1 2 V lead-acid
battery in parallel with the present one needs to be investigated. Since this
would, in effect, half the voltage source impedance, there should be an
increase in the maximum current available by as much as 15 to 20% . The two
+ 12 V batteries connected in series would also result in a similar increase
in current. It would be beneficial to note the effects, of the two battery
configurations on the gradient pulse profile.
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Most of the pulse field-gradient systems published have pulse rise and
fall time specifications comparable to those achieved in this design. There
are designs which claim to give rise and fall times faster by several orders
of magnitude. The design by Callaghan16 is based on a three-stage Darlington
configuration. The current is provided and controlled by a commercial
operational power supply (KEPCO JQE 25-10M) operating in the constant
current mode. Although there is no direct mention of the rise/fall time
specifications of the gradient pulse, the gradient pulse was estimated, by the
author, to have a rise and fall times of about 1 /is. Gradients of the order of
1.5 T/m (150 G/cm) have been achieved by the design. The gradient coils
constructed were a 19-turn Helmholtz pair using 26 gauge enameled copper
wire.
A similar, but relatively simple design based on a 2-stage Darlington
pair by Tanner12 can generate current pulses up to 40 A. The pulses have a
worst-case rise and fall times of 50 fis and 60 ^is respectively. The Helmholtz
pair used to generate the field gradients were of 15 turn coils using 30 gauge
copper wire. The gradients obtained were of the order of 15.8 G/cm/A. The
design made use of storage batteries supplying 48 V.
Rise and fall times of the order of 0.2 fis and 2 fis respectively, at a
current of 40 A (max.), have been achieved by Karlicek and Lowe.15 Their
design of the coil driver is also based on a Darlington pair as a current
amplifier. The values for the rise and fall times of the current pulse were
determined by taking measurements across a purely resistive dummy load.
This does not give a true estimate of the current pulse slew rate since the rise
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and fall times are dependent on both the inductance and the effective
resistance

of the

circuit.

The field

gradients were

generated

with

a

quadrupole coil assembly consisting of two seperate but identical coil
windings of 10 turns of 30 gauge Formvar-coated copper wire. The pulse
sequence was based on the so-called APFG technique15 that requires the
generation of identical gradient pulses of opposite polarities. Magnetic field
gradient pulses of the order of 1600 G/cm have been achieved by this design.
The power supply requirements of this design were a regulated + 2 5 V and
(presumably) an unregulated + 8 0 V.
Another design that generates current pulses of opposite polarities and
drives quadrupole coils to generate field gradients is by Hrovat.17 Their
circuit make use of power field-effect transistors to supply current pulses of
up to 50 A to the gradient coils. Their circuit, though seemingly complex, is
versatile

and

can

be used to generate various

pulse sequences.

No

information is provided regarding the quality of the current pulses generated
by the circuit. The circuit incorporates a self-contained current regulator
though it apparently induced stability problems in the spin-echos. The
quadrupole

coil

was

constructed

on

a

Teflon

form

using

22

gauge

Teflon-coated wire. Magnetic field-gradients of the order of 9.3 G/cm /A were
achieved by the design. The voltage source was a 70 V, 20-amp-hr Ni-Cad
battery. One interesting feature of this design is the installation of a Faraday
shield between the gradient and the rf coils. A Faraday shield is basically
strips of copper running along the length of the tube, in the region between
the two coils, and connected to the probe ground such that there is only a
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single path to ground. The setup is essential to minimize possible effects of
cross-talk between the gradient and the rf coils.

An entirely different design by Scholl23 uses silicon controlled rectifiers
(SCR). It claims to provide 45 A pulses with rise and fall times of 1 /*s but has
complicated trigger pulse and power requirements.

The circuit was not

designed for the purpose of driving gradient coils but could be modified for
this kind of applications.

If a comparison, of all the designs discussed, is made solely on the basis
of the current pulse specifications and the magnitude of the field gradients
achieved, the designs by Karlicek and Lowe and Callaghan stand out as
being the best as they have achieved current pulse slew rates that are an
order of magnitude faster than those achieved by Tanner and the author.
Incidently,

both

designs

have

a

comparatively

high

voltage

source

requirements and are of much greater complexity than the author's design.
It can be claimed that the author's design is unique in the sence that it makes
use of VMOS technology that is recent (about 5 years old). The design has
not been derived or modified from a previously published (or unpublished)
design and achieves to a great extent the goals that were set at the beginning
of this project.
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V. CONCLUSION

The design of a system for the generation of pulsed magnetic field
gradients for NMR diffusion measurements has been presented. Linear field
gradients up to 160 Gauss/cm have been achieved. The gradient pulses have
fast rise and fall times of the order of 40 and 24 μs respectively. A simple
model, based on the geometry of the Helmholtz pair, to calculate the
gradients has been presented. The gradient values derived from the model
give a fair indication of the actual gradients generated by the coils. The
system designed is inexpensive, easy to construct and portable.
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APPENDIX A

DEVICE MTM55N10 SPECIFICATIONS

Device.............................. MTM55N10
V(BR)DSS min......... ..... 100 v
r(DS)(on) max.......... ..... 0.04 £2
@ ID .......................... .... 27.5 A
ID max............................ 55 A
PD max @ 25° C..... .... 250 W
Polarity............................ N
Package

TO-3
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APPENDIX B

PSPICE CIRCUIT FILE OF COIL DRIVER

This is a sample file of the coil driver circuit (Figure 14) used to simulate the
operation of the driver on PSpice. The active device model parameters were
based on the manufacturer's device specifications. The reader may refer to
the PSpice handout

(UMR Computing

Center)

and

Reference 25 for

information on the device parameters. The nature of the current pulse shape
is given in Figure 17.

vin 1 0 pulse (5 0 .1ms 2ns 2ns .5ms 1ms)
* vin represents the trigger pulse generated by the VAR1 line
*

vs1 15 0 dc 14.4v
vs2 11 0 dc 12.76V

rs2 11 10 0.329
*
r1 1 15 100k
rb 1 2 10k
qn 3 2 0 Q2N2222
rc 3 15 1k

idrv 10 3 4 4 MTM5510
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rcab 2 5 0.1
* rcab represents the cable and terminal resistance
Icoil 5 6 18.6u
rcoil 6 0 0.26
* rcoil and Icoil are the coil resistance and inductance
* values of a 15-turn gradient coil (#28 gauge copper wire)
* with a separation distance of 16 mm.
*

* model Q2N2222 npn(ls = 3.108f Xti = 3 Eg = 1.11 Vaf= 131.5 Bf = 217.5
+

Ne = 1.541 lse= 190.7 lkf=1.296X tb= 1.5 Br = 6.18 Nc = 2

+

Isc = 0 lkr = 0 Rc = 1 Cjc = 14.57pf Vjc = 0.75 Mjc = 0.3333

+

Fc = 0.5 Cje = 26.8p Vje = 0.75 Mje = 0.3333 Tr = 51.35n Tf = 451p

+

Itf = 0.1 V tf= 1 0 X tf = 2)

★

* model MTM5510 NMOS(Level = 3 Gamma = 0 Delta = 0 Eta = 0 Theta = 0
+

Kappa = 0 max = 0 Xj = 0 Tox = 100n Uo = 600 Phi = 0.6

+

Rs = 2.9m Kp = 20.76u W = 0.31 L = 2u Vto = 2.759 Rd = 2.6m

+

Rds = 400k Cbd = 4.039n Pb = 0.8 Mj = 0.5 Fc = 0.5

+

end

Cgso = 8.984n Cgdo = 1.62n Rg = 18.6 Is = 648.2E-18)
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APPENDIX C

PFG-SE PULSE SEQUENCE FOR VARIAN VXR-200 NMR SPECTROMETER

This is a listing of the program keyed into the spectrometer in order to
generate the PFG-SE pulse sequence for the diffusion experiments. D2 is the
time between the two gradients (see Figure 25) and is kept fixed during the
duration of the experiment. D2 is the time between the 90° and 180° rf pulses
and was chosen to be 76.8 ms. D3 is defined as an array with values ranging
from 0.1 ms to 0.7 ms.
PROCEDURE PULSESEQUENCE;
VAR D3; REAL;

"Define D3 as a real variable"

BEGIN
GETVAL(D3/D3 ');

"Get value of D3 from array"

STATUS(A);
DELAY(D1);

"Equilibrium delay"

RGPULSE(PW,OPH,ROF1 ,ROF2); "90° rf pulse of width PW"
DELAY((D2-D3)/2.0-ROF2);

"Delay between the 90° pulse"
"and the gradient pulse"

VAR10N;

"Turn-on VAR1 line; trigger pulse driver"

DELAY(D3);

"Width of the gradient pulse"

VAR10FF;

"Turn-off VAR1 line"

DELAY((D2-D3)/2.0-ROF1);

"Delay to center the gradient pulse"
"between the 90° and the"
"180° rf pulses"
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ADD(CT,ONE,V1);
M0D2(V1,V1);
RGPULSE(P1 ,V1 MR0F1 ,R0F2); "180° rf pulse of width P1"
DELAY((D2-D3)/2.0-ROF2);
VAR10N;

"Delay followed by the second gradient"

DELAY(D3);

"pulse centered between the 180°"

VAR10FF;

"rf pulse and data acquisition"

DELAY((D2-D3)/2.0-ROF2);
END;

''Data acquisition of the echo"
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RF pulse

Field-Gradient
pulse

Data acquistion

Figure 25. Pulse sequence for self-diffusion experiments based on the program
listing.

